Many industrial tasks cannot be executed by a robot alone. A way to help workers in order to decrease the risk of musculoskeletal disorders is to assist them with a collaborative robot. Yet assessing its usefulness to the worker remains costly because it usually requires a prototype. We propose a dynamic simulation framework to model the performing of a task jointly by a virtual manikin and a robot. It allows to measure physical quantities in order to perform an ergonomic assessment of the robot. Experiments are carried out on two different robots. The results show that the proposed simulation framework is helpful for designing collaborative robots. Further work includes enhancing the simulation realism and validation on a real robot.
Introduction
Though working conditions have improved in developed countries, workrelated musculoskeletal disorders (MSD) remain a major health problem. These disorders affect the body's muscles, joints, tendons, ligaments and nerves. They result from strenuous biomechanical solicitations caused by physical work. According to several studies (Silverstein and Adams, 2005, and Jones et al., 2005) , over 50% of workers in industry suffer from MSD. In France it represents about 80% of the occupational diseases in 2009 (Ha and Roquelaure, 2010) . Indeed, despite the growing robotization in industry, many hard tasks cannot be fully automatized, because of their unpredictability or their technicality. A solution is to assist the worker with a collaborative robot (or intelligent assist device), rather than replacing him. A collaborative robot enables the joint manipulation of objects with the worker and thereby provides a variety of benefits such as strength amplification, inertia masking and guidance via virtual surfaces and paths (Colgate et al., 2003) .
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The purpose of these collaborative robots is to decrease the risk of MSD by alleviating the worker's physical load and improving his posture. One of the main issues in the design process of a collaborative robot is to take into account the human presence and capabilities. Yet performing an ergonomic assessment of such a robot is essential to check its usefulness to the worker. Many methods exist (Guangyan and Buckle, 1999) , based on the observation of an actual worker, but they need a prototype of the robot. It is a significant limitation in terms of cost and time. An alternative is to perform the assessment within a digital world, using a virtual manikin to simulate the worker. Digital human models are already available to evaluate the design of workstations, such as JACK, RAMSIS, SAFEWORK or SAM-MIE (Blanchonette, 2010, and Porter et al., 2004) . But they do not allow a fully automatic and dynamic simulation of realistic movements. Moreover, the commercial software frameworks in which these manikins are integrated were not designed with collaborative robotics in mind.
We propose a method based on a dynamic simulation framework including a digital manikin, to estimate a priori the biomechanical benefit of a collaborative robot. This framework has already been used for a work task ergonomic assessment in De Magistris et al. (2011) . Our contribution regards the addition of a collaborative robot interacting with the manikin, so that they perform the task jointly. Section 2 describes the simulation framework and the test case. Section 3 details the results and discusses their relevance towards the MSD risk assessment. Section 4 presents the conclusions and perspectives of this study.
Materials and Methods
The purpose of the simulation is to have a virtual manikin automatically perform a given work task, with and without the help of a collaborative robot, in order to measure biomechanical quantities (see Figure 1 for the description of the simulation framework). The manikin is described in Section 2.1, the robot and the task in Section 2.2 and Section 2.3.
Virtual Manikin
The human body is modelled kinematically as an arborescence of rigid bodies linked by hinge joints. The actuation model is articular (there is no muscle model) and the root is not controlled.
By modifying the worker's efforts needed to perform the task, the use of a collaborative robot affects the worker's posture. So data from real workers cannot be used to control the manikin. The manikin posture is generated at each time step thanks to a multi-objective optimization with a force control approach based on a quadratic programming problem and a Jacobian transpose control method proposed by Liu et al. (2011) . The different objectives are :
• Center of mass: the horizontal position of the CoM is controlled to maintain the manikin balance. The CoM vertical position is controlled to keep the manikin upright. • Contact forces: to produce stable motion with smaller contact forces, one of the objectives is to minimize the contact forces between the feet and the ground. • Manipulation task: the position and orientation of the right hand are controlled to follow a trajectory depending on the task. The contact forces on the hand can also be controlled to match a reference effort. • Visibility: the orientation of the head is controlled to direct the face of the worker towards the work zone. • Posture: a secondary articular objective is added because of the redundancy of the human body. The manikin posture should be as close as possible to the one of a man resting upright.
Collaborative Robot
The robot was designed by the CEA and the RB3D company to help workers in manual tasks which require the application of significant efforts via a portable tool. It provides strength amplification (Kazerooni, 1990) . The robot A is a serial chain with 6 hinge joints (see Figure 2 left). The tool is attached to the tip of the end effector and the robot is manipulated by the worker via a handle fixed on the end effector. Another version (robot B)
of this robot was also tested as a comparison. Two joint axes are inverted, and some segments lengths are modified (see Figure 2 right). The control of the robot consists in compensating for gravity and dry and viscous friction, and amplifying the efforts of the worker. The force applied on the tool is equal to the one applied by the worker multiplied by a coefficient α. A force sensor on the user handle allows the force measurement. The real control framework is simplified since there is no actuator model (one controls directly the joint torques) and the dry friction is not yet implemented in the physical engine of the simulation (see Figure 3 ).
Task
The purpose of these first tests is more to validate the assessment method than to evaluate a collaborative robot. So a simple task was chosen. The manikin moves the tool back and forth between point A and point B, and stays 4s on each point. Point A is located on the surface of a fixed rigid body. There the normal contact force must be kept to a stable value (80N ± 5%). Point B is 10cm backwards.
Results and Discussion
The main biomechanical risk factors for MSD are extreme postures, considerable efforts, high frequency of the gestures and static work. Therefore we are particular interested in the joints angles and torques. The shoulder Figure 5 . Shoulder torque for robot A. The duration of the transition stages varies with α, so the graphs are divided into 4 parts and synchronized to be more understandable.
Collaborative Robot A
We simulated the task with and without robot A, and for various values of the amplification coefficient α. First we notice that the transition stages (point A to point B and vice versa) are much quicker when α increases (see Figure 5 bottom left and bottom right). The time needed to perform the task is reduced, without needing extra strength from the manikin.
During the pushing stage (point A) the expected decrease in the internal efforts with the amplification is observed (see Figure 5 top left). Though it is hard to directly link the torque values to an objective risk of MSD, they could be a first hint on how to estimate the benefit of a collaborative robot.
During the holding stage (point B) oscillations occur when α = 8 (see Figure 5 top right). It means that the amplification is too important to ensure the robot stability.
However the results without assistance and with a non amplified robot (α = 1) are too similar to be realistic. The transparency of the robot is practically perfect. This is partly due to the lack of dry friction in the simulation, which cannot be fully compensated on a real robot. We simulated the same task (with α = 2) with faster movements and we varied the robot mass. The peak torque needed to accelerate and slow down the robot decreases with the mass (see Table 1 ): the inertial effects cannot be fully compensated by the robot control. So the choice of the robot mass is critical. mass accelerate slow down 0.1 * m 0 57.5 -30.9 1 * m 0 67.8 -35.0 2 * m 0 72.1 -37.6 4 * m 0 85.3 -44.8 Table 1 . Peak shoulder torque (N.m) during the transition stages, for different masses.
Collaborative Robot B
A second experiment was carried out, with robot B. Unlike robot A, during the pushing and holding stages the shoulder angle and torque are much higher with robot B than without it, even with strength amplification (see Table 2 and 3). According to the EU norm AFNOR (2008), even with no external load, the bigger the angle, the higher the risk of MSD.
During the transition stages, the wrist is much more solicited with robot B than with robot A (see Table 4 ). Because of its kinematic, more efforts 6 are needed to prevent the end effector of robot B from moving right or left while going forward and backward.
Although these two collaborative robots are quite alike, robot A improves the worker situation, whereas robot B is not suitable for this task. 
Conclusion and Future Work
We proposed a method to carry out an ergonomic assessment of a collaborative robot, based on a dynamic simulation framework and a digital manikin. We simulated the performing of a simple task by the manikin, alone and assisted by two collaborative robots with various force amplification. One of the robots induces a significant decrease in the manikin efforts. The other one leads to a situation which is worse than without assistance. This proves the usefulness of this framework, which avoids building useless prototypes and helps to tune some parameters of the robot. The first robot is currently being built, so the results will now have to be validated on the real robot. Further work is directed towards the enhancement of the simulation realism. The modelling of dry friction has to be implemented, because this phenomenon significantly affects the efforts needed to move the robot. The control framework of the manikin will be improved, so that its behaviour is more human-like. In particular, the posture adaptation depending on the external load is critical, since the posture is one of the major risk factors for MSD.
